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Abstract

Objectives: To understand the molecular mechanism underlying alcoholic liver injury, effects of acute ethanol on the Janus kinase-signal
transducer and activator transcription factor (JAK-STAT) signaling in hepatic cells were studied.
Designs and methods:Effects of acute ethanol on the JAK-STAT signaling in freshly isolated, cultured rat hepatocytes, and HepG2 cells
were explored.
Results: Acute ethanol exposure inhibited IL-6- or IFN-activated STAT in freshly isolated hepatocytes but not in cultured hepatocytes,
HepG2 cells, or HepG2 cells transfected with alcohol dehydrogenase (ADH) or cytochrome P450(2E1). The inhibitory action of ethanol in
freshly isolated hepatocytes was not antagonized by the ADH inhibitor 4-methylpyrazole (4-MP). Acute exposure of hepatocytes to
acetaldehyde or hydrogen peroxide did not suppress STAT activation. Further studies indicated that the loss of response to the inhibitory
effect of ethanol was not due to hepatocyte proliferation and collagen contact.
Conclusions:Freshly isolated hepatocytes are more susceptible to the inhibitory action of ethanol on the JAK-STAT signaling than cultured
hepatocytes or HepG2 cells, which may be implicated in pathogenesis and progression of alcoholic liver disease. © 2001 The Canadian
Society of Clinical Chemists. All rights reserved.
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1. Introduction

The Janus kinase-signal transducer and activator tran-
scription factor (JAK-STAT) signaling pathway is activated
by many cytokines and growth factors and has been impli-

cated in a variety of cellular functions in hematopoietic,
immune, neuronal and hepatic system [1–5].1 In general, the
ligation of cytokines to their receptors induces homodimer-
ization of the receptors, which leads to activation of the
receptor-associated tyrosine kinases, known as JAKs. This
receptor-kinase complex then interacts with and activates
SH2-containing cytoplasmic STAT transcription factors,
which then translocate to the nucleus to activate the tran-
scription of many genes [1–5]. In the liver, it has been
shown that the JAK-STAT signaling pathway activated by
interleukin-6 (IL-6), interferons (IFN) and growth hormone
plays an important role in hepatic regeneration [6,7], differ-
entiation [8], antiviral and antitumor activities [9,10], acute
phase response [11,12] and sexual dimorphism of hepatic
gene expression [13]. For example, the essential roles of
IL-6-activated STAT3 in liver regeneration and IFN-acti-
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vated STAT1 in antiviral activity were clearly demonstrated
in IL-6-deficient and STAT1-deficient mice, respectively
[6,7,9,10]. In IL-6-knock out mice, liver regeneration in-
duced by partial hepatectomy was impaired and STAT3
signaling was absent [6,7]. Mice with targeted disruption of
the STAT1 gene were more susceptible to viral or bacterial
infection and IFN signaling was defective [9,10].

Alcohol is a major etiologic factor of liver disease in
Western countries. Chronic excessive consumption of alco-
hol can lead to steatosis (fatty liver), alcoholic hepatitis,
fibrosis, and cirrhosis [14,15], and is associated with high
incidence of viral hepatitis and hepatic carcinoma [16,17].
Alcoholic liver disease is a direct result of alcohol-induced
hepatotoxicity coupled with impaired hepatic regenerative
activity [18–23]. Direct liver injury by ethanol is due to
several processes with deleterious effects on the liver, in-
cluding intracellular accumulation of protein and of acetal-
dehyde, microsomal activation of hepatotoxins, alterations
in hepatic redox state, and enhancement of lymphocyte
cytotoxicity [18,19]. An additional mechanism is ethanol-
induced impairment of liver regeneration [20–23], which
further potentiates and prolongs the ethanol-induced direct
liver injury. Our previous data have demonstrated thatin
vitro treatment of freshly isolated hepatocytes with biolog-
ically relevant concentrations of ethanol significantly sup-
pressed IL-6-induced STAT3 activation [24,25] and IFN-
induced STAT1 activation [26]. Ethanol inhibition of IL-6-
activated STAT3 may account for antiregenerative activity
of ethanol [21–23]. Negative regulation of IFN-activated
STAT1 by ethanol may contribute to the high incidence of
viral hepatitis and hepatocellular carcinoma, and the resis-
tance to interferon therapy in alcoholic individuals [16,17,
27–32]. In the present study, we examined the effects of
ethanol on STAT activation induced by IL-6 or IFN-g in
cultured hepatocytes and HepG2 cells. Interestingly, we
found that up to 200 mM ethanol was unable to suppress
IL-6- or IFN-g-induced STAT activation in cultured hepa-
tocytes or HepG2 cells. Further evidence indicated that
ethanol inhibition of IL-6- and IFNg-induced STAT activa-
tion did not require ethanol metabolism and cell proliferat-
ing status was not involved.

2. Methods

2.1. Materials

Male Sprague-Dawley rats weighing between 200 to
250 g were purchased from Charles River Laboratories. The
human hepatocellular carcinoma HepG2 cell line was ob-
tained from the American Type Culture Collection (Rock-
ville, MD). The following reagents were purchased from
Sigma Chemicals (St. Louis, MO): ethanol, acetaldehyde,
hydrogen peroxide, collagenase, 4-methylpyrazole (4 MP),
IL-6, IFN-g. Radiolabelled [g-32P] ATP was from NEN
(Boston, MA, USA).

2.2. Transfected HepG2 cells with ADH or CYP2E1

HepG2 cells were transfected stably with ADH or
CYP2E1 cDNA as described previously [33,34]. It was
tested that ADH and CYP2E1 transfected HepG2 cells were
able to metabolize ethanol efficiently in the cytosol and the
microsomes, respectively.

2.3. Cell cultures

The HepG2 cells were cultured under conditions speci-
fied by the supplier. For experiments, the growth medium
was changed to serum-free medium overnight. The cells
were then treated with ethanol at various concentrations for
30 min and stimulated with cytokines.

2.4. Isolation and treatment of hepatocytes

The hepatocytes were isolated as described previously
[35]. The isolated cells were washed twice and resuspended
with Ca21 plus Krebs-Henseleit solution (118 mM NaCl,
4.7 mM KCl, 1.2 mM MgSO4, 2.5 mM CaCl2, 1.2 mM
KH2PO4, NaHCO3 and 10 mM glucose) containing 1.5%
gelatin, and further treated with ethanol, IL-6, or IFNg. For
cell cultures, the isolated cells were washed twice with
hepatocyte medium (Dulbecco’s modified Eagle’s medium
containing 13 1028 M dexamethasone, 2.5mg/mL fungi-
zone, 50mg/mL gentamycin, 67mg/mL penicillin, 100
mg/mL streptomycin), and plated onto rat tail collagen-
coated culture dishes in hepatocyte medium containing 5%
fetal bovine serum. After 2 h, the medium was changed to
hepatocyte medium containing 0.5% serum. After 24 h, the
cells were treated with buffer, ethanol or acetaldehyde for
30 min then stimulated with IL-6 or IFN-g. The concentra-
tions for IL-6 and IFN-g used in these experiments were 20
ng/mL and 5 ng/mL, respectively.

2.5. DNA gel mobility shift assay

DNA gel mobility shift assay for STAT binding was
performed as described previously [24–26]. The STAT
binding site of oligo m67 (a high affinity serum induce
element [SIE] m67) (59 GTG CAT TTC CCG TAA ATC
TTG TCT ACA39) was used as a probe. In each figure, an
autoradiogram representative of at least three independent
experiments is shown.

2.6. Partial hepatectomy

Adult male Sprague-Dawley rats were subjected to two
thirds partial hepatectomy as described previously [36]. The
median and left lateral lobes of the liver were excised. The
remnant liver was subjected to collagenase-perfusion [37]
24 h later. The isolated hepatocytes were washed twice and
resuspended with Ca21 plus Krebs-Henseleit solution, fol-
lowed by ethanol and cytokine treatment.
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3. Results

3.1. Acute ethanol treatment inhibits IL-6- or IFN-g-
induced stat activation in freshly isolated rat hepatocytes
but not in cultured hepatocytes or HEPG2 cells

For freshly isolated hepatocytes, hepatocytes were used
within 30 min after isolation. Freshly isolated hepatoytes
were resuspended in Ca21 plus Krebs-Henseleit solution as
described under “Materials and Methods”. As shown in
Figure 1A, IL-6 and IFN-g rapidly induced STAT3 and
STAT1 activation, respectively, and pretreatment with 100
mM ethanol almost completely abolished such activation.
To examine the effects of ethanol on cytokine-induced
STAT activation in cultured rat hepatocytes, hepatocytes

were cultured for 24 h, followed by treating with 100 mM
ethanol for 30 min and then stimulating with cytokines. As
shown in Figure 1B, IL-6 or IFN-g rapidly induced STAT
activation in cultured hepatocytes and pretreatment with
100 mM ethanol did not suppress such activation, suggest-
ing that culturing hepatocytes for 24 h caused a loss in
response to ethanol inhibitory effect on STAT activation.
More experiments indicated that culturing hepatocytes for
even less than 6 h caused a loss in response to ethanol
inhibitory effect (data not shown).

Effects of ethanol on STAT activation were also tested in
human hepatocellular carcinoma HepG2 cells. Figure 1C
showed that stimulation with IL-6 rapidly induced STAT
activation in HepG2 cells, and treatment of HepG2 cells
with up to 200 mM ethanol for 30 min did not suppress such
activation. These data indicated that acute ethanol exposure
did not inhibit STAT activation in cultured hepatocytes or
HepG2 cells.

To determine whether the loss in response to the inhib-
itory effect of ethanol in cultured hepatocytes or HepG2
cells is due to the difference of culture medium, cultured
hepatocytes or HepG2 cells were resuspended in the Ca21

plus Krebs-Henseleit solution as used in suspension of
freshly isolated hepatocytes. The results demonstrated that
up to 200 mM ethanol treatment did not affect STAT acti-
vation in cultured hepatocytes or HepG2 cells resuspended
in the Ca21 plus Krebs-Henseleit solution (data not shown),
suggesting that the loss in response to the inhibitory effect
of ethanol in cultured hepatocytes or HepG2 cells is not due
to the difference of culture medium.

3.2. Evidence for a lack of involvement of ethanol
metabolism in ethanol inhibition of IL-6- or IFNg-induced
STAT activation

The above data demonstrated that acute ethanol exposure
inhibited STAT activation in freshly isolated adult rat hepa-
tocytes but not in cultured hepatocytes or HepG2 cells.
Since the freshly isolated hepatocytes have the highest ADH
activity and the cultured hepatocytes or HepG2 cells have
very low ADH activity [20], we wondered if ethanol inhi-
bition of STAT activation might require ethanol metabo-
lism. To test this hypothesis, we performed experiments
with 4 methylpyrazole (4-MP), an ADH inhibitor. As shown
in Figure 2, 4-MP alone did not affect IL-6-activated STAT
(Figure. 2A) and pretreatment of freshly isolated hepato-
cytes with 0.1 to 1 mM 4-MP did not antagonize the inhib-
itory effect of ethanol on IL-6- or IFNg-activated STAT
(Figure. 2B). These findings suggest that ethanol inhibition
of STAT activation in freshly isolated hepatocytes does not
require ethanol metabolism.

To further rule out the involvement of ethanol metabo-
lism in ethanol inhibition of STAT activation, two HepG2
cell lines stably transfected with alcohol dehydrogenase
(ADH) [33] or cytochrome p450 (CYP2E1) [34], respec-
tively, were used. These cell lines overexpress ADH or

Fig. 1. Acute ethanol exposure inhibits STAT activation in freshly isolated
rat hepatocytes but not in cultured hepatocytes or HepG2 cells. Freshly
isolated (A), 24 h-cultured adult rat hepatocytes (B) or HepG2 cells (C)
were incubated with or without 100 mM ethanol for 30 min, then stimu-
lated with IL-6 or IFN-g for the indicated times. In panel C, HepG2 cells
were also incubated with various concentrations of ethanol for 30 min,
followed by a 30-min stimulation with IL-6. STAT activation was deter-
mined by DMSA as described under “Materials and Methods.”
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CYP2E1 enzymes and have been reported to metabolize
ethanol efficiently in the cytosol and microsomes, respec-
tively [33,34]. As shown in Figure 2C, ethanol did not
attenuate IL-6-induced STAT3 activation in HepG2 cells
stably transfected with vector control, ADH, or CYP2E1.
These data indicated that the unresponsiveness of HepG2
cells to ethanol inhibition of STAT activation is not due to
low levels of ADH or CYP2E1 activity.

3.3. Acetaldehyde, the main ethanol metabolite, did not
inhibit IL-6- or IFN-g-induced STAT activation

Acetaldehyde is the main metabolite responsible for
many of the hepatoxic effects of ethanol and has been
shown to modulate the activity of several important signal-
ing molecules [38–40]. To determine if acetaldehyde was
involved in the ethanol suppression of STAT activation,
freshly isolated hepatocytes, cultured hepatocytes, or

HepG2 cells were pretreated with various concentrations of
acetaldehyde, followed by stimulation with IL-6 or IFN-g.
As shown in Figure 3, up to 5 mM acetaldehyde did not
significantly affect IL-6- or IFN-g-induced STAT activation
in freshly isolated hepatocytes (Figure. 3A), cultured hepa-
tocytes (Figure. 3B), or HepG2 cells (Figure. 3C). Acetal-
dehyde suppression of STAT activation was only observed
at very high toxic concentration (more than 20 mM). These
findings suggest that acetaldehyde is not involved in ethanol
suppression of STAT activation.

3.4. Hydrogen peroxide potentiates IL-6-induced STAT3
activation in both freshly isolated hepatocytes and
cultured hepatocytes

Ethanol oxidation is accompanied by generation of free
radicals that may produce cell injury by interacting with
different cellular targets such as proteins, DNA, and mem-
brane polyunsaturated fatty acid. It has been shown that free
radicals affected the activity of PKC and MAP kinase [41–
44]. To check whether generation of free radicals is in-
volved in ethanol inhibition of IL-6-induced STAT activa-
tion, freshly isolated hepatocytes or cultured hepatocytes

Fig. 2. Evidence for a lack of involvement of ethanol metabolism in ethanol
inhibition of STAT activation. (A) Freshly isolated rat hepatocytes were
treated with various concentrations of 4-methylprazole (4-MP) for 30 min,
followed by a 30-min stimulation with IL-6. (B) Freshly isolated rat
hepatocytes were treated with various concentrations of 4-MP for 30 min
and then incubated with 100 mM ethanol for 30 min, followed by a 30-min
stimulation with IL-6 or IFN-g. (C) Freshly isolated rat hepatocytes, or
HepG2 cells transfected with empty vector, ADH cDNA or CYP2E1
cDNA were incubated with or without 50 to 100 mM ethanol for 30 min,
followed by a 30-min stimulation with IL-6. STAT activation was deter-
mined by using DMSA.

Fig. 3. Effects of acetaldehyde (Acetal.) on IL-6- or IFN-g-activated STAT
in freshly isolated, cultured rat hepatocytes or HepG2 cells. Freshly iso-
lated hepatocytes (A), 24 h-cultured rat hepatocytes (B) or HepG2 cells (C)
were incubated with or without various concentrations of acetaldehyde for
30 min, followed by a 30-min stimulation with IL-6 or IFN-g. STAT
activation was determined by DMSA.
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were pretreated with various concentrations of hydrogen
peroxide, followed by stimulation with IL-6. As shown in
Figure 4, H2O2 alone slightly activated STAT3 (lane3 vs.
lane 1), which is consistent with other reports [45,46].
Moreover, 0.5 to 5.0 mM H2O2 slightly potentiated IL-6-
induced STAT3 activation in both freshly isolated hepato-
cytes and cultured hepatocytes, suggesting that generation
of free radicals is not involved in ethanol inhibition of
IL-6-induced STAT activation.

3.5. Hepatocyte proliferating status is not involved in
unresponsiveness to ethanol inhibition of IL-6-induced
STAT3 activation in cultured hepatocytes

Unlike freshly isolated hepatocytes, cultured hepatocytes
and HepG2 cells are proliferating cells and proliferation
may be responsible for the unresponsiveness to ethanol
inhibition of IL-6-induced STAT3 activation in cultured
hepatocytes or HepG2 cells. To test this possibility, freshly
isolated hepatocytes were cultured for 3 h with or without
serum or EGF, then incubated with ethanol for 30 min,
followed by stimulation with IL-6. As shown in Figure 5A,
100 mM ethanol inhibited IL-6-induced STAT3 activation
in both control and cells stimulated with serum or EGF,
suggesting that hepatocyte proliferation was not involved in
the loss of the ethanol inhibitory effect.

To further rule out the involvement of hepatocyte pro-
liferation in the unresponsiveness of ethanol inhibition of
STAT activation in cultured hepatocytes, we examined the
effect of ethanol on proliferating hepatocytes prepared from
partial hepatectomized rat liver. We chose 24-h partial hep-
atectomy since proliferation of hepatocytes reached a peak
at this time point [47,48]. Hepatocytes were prepared from
remnant liver of partial hepatectomized rat liver 24 h after
surgery and subjected to ethanol treatment and IL-6 stimu-
lation. As shown in Figure 5B, acute ethanol exposure
(50–100 mM) still markedly suppressed IL-6-induced
STAT3 activation in hepatocytes isolated from partial hep-
atectomized rat livers (Figure. 5B), suggesting that prolif-
eration does not affect the inhibitory action of ethanol on
IL-6-induced STAT3 activation in cultured hepatocytes.

3.6. Collagen contact is not involved in unresponsiveness
to the inhibitory effect of ethanol on stat activation in
cultured hepatocytes

Since cultured hepatocytes were plated on collagen-
coated plates, we wondered whether the unresponsiveness
of cultured hepatocytes to ethanol inhibition of STAT acti-
vation was due to collagen contact. To test this possibility,
hepatocytes were seeded on collagen-coated or noncoated
plates for 8 h, followed by treating with or without 100 mM
ethanol for 30 min and then stimulating with IL-6 for 30
min. As shown in Figure 6, acute ethanol exposure did not
significantly inhibit IL-6-activated STAT3 in either collag-
en-coated or noncoated plates, suggesting that collagen con-
tact is not involved in unresponsiveness to ethanol inhibi-
tion of IL-6-activated STAT3 in cultured hepatocytes.

Fig. 4. Effect of hydrogen peroxide on IL-6-induced STAT activation in
freshly isolated or cultured hepatocytes. Freshly isolated or 24 h-cultured
rat hepatocytes were incubated with or without various concentrations of
H2O2 for 15 min, followed by a 30-min stimulation with IL-6. Whole cell
extracts were prepared and STAT activation was determined by DMSA.

Fig. 5. Effect of hepatocyte proliferation on ethanol inhibition of IL-6-
induced STAT3 activation. (A). Freshly isolated hepatocytes were cultured
with or without EGF (5 ng/mL) or 5% serum for 3 h asdescribed under
“Materials and Methods”, then incubated with 100 mM ethanol for 30 min,
followed by a 30-min stimulation with IL-6. (B). Hepatocytes isolated from
the remnant rat liver after 24 h partial hepatectomy as described under
“Materials and Methods” were incubated with 100 mM ethanol for 30 min,
followed by a 30-min stimulation with IL-6. Whole cell extracts were
prepared and STAT3 activation was determined by DMSA.

Fig. 6. Collagen contact is not involved in unresponsiveness to ethanol
inhibitory effect on STAT activation in cultured hepatocytes. Hepatocytes
were plated on collagen-coated or noncoated plates for 8 h, followed by
treating with or without 100 mM for 30 min and then stimulating with IL-6
for 30 min. Whole cell extracts were prepared and STAT activation was
determined by DMSA.
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4. Discussion

The major findings in this paper are that acute ethanol
exposure is able to block IL-6- or IFN-g-induced STAT
activation in freshly isolated hepatocytes but not in cultured
hepatocytes or HepG2 cells. It was well known that the
freshly isolated hepatocytes have high ADH activity while
cultured hepatocytes or HepG2 cells have low or no ADH
activity [20]. However, five lines of evidence suggest that
ethanol metabolism is not required for ethanol inhibition of
STAT activation. First, blocking ethanol metabolism with
4-MP, an inhibitor of ADH, did not antagonize ethanol
inhibition of STAT activation (Figure. 2). Second, biolog-
ically relevant concentrations of acetaldehyde, the major
ethanol metabolite, did not suppress STAT activation (Fig-
ure. 3). Third, hydrogen peroxide that is produced after
ethanol oxidation did not attenuate IL-6-induced STAT ac-
tivation (Figure. 4). Fourth, acute ethanol also inhibited
STAT activation in the proliferating hepatocytes isolated
from 24-h partial hepatectomized rat livers (Figure. 5).
These hepatocytes have been reported to express low levels
of ADH activity [47,49]. Fifth, treatment of freshly isolated
hepatocytes with ethanol rapidly (,3 min) inhibited STAT
activation [25]. Freshly isolated hepatocytes are quiescent
cells, while cultured hepatocytes and HepG2 cells are pro-
liferating cells. However, evidence does not support that
proliferating status is involved in ethanol suppression of
STAT activation. As shown in Figure 5, EGF or serum
treatment did not abolish the ethanol inhibitory effect on
STAT activation, and ethanol has a similar inhibitory effect
on proliferating hepatocytes isolated from 24-h partial hep-
atectomized rat livers as on freshly isolated quiescent hepa-
tocytes.

The mechanism by which acute ethanol inhibits STAT
activation in freshly isolated hepatocytes but not in cultured
hepatocytes or HepG2 cells is not clear. Our previous data
showed that activation of protein kinase C is partially (30%)
involved in ethanol suppression of STAT activation [26].
Our unpublished data indicated that acute ethanol also stim-
ulated protein kinase C activation in cultured hepatocytes
and HepG2 cells. Therefore, the lack of ethanol suppression
of STAT activation in cultured hepatocytes and HepG2 cells
is not due to absence of activation of protein kinase C.
Furthermore, Figure 6 showed that collagen contact is not
involved in the unresponsiveness of cultured hepatocytes to
ethanol inhibition of STAT activation. It has been reported
that many membrane proteins were changed after culturing
hepatocytes [50–53], for example, expression of TGFb re-
ceptor [52] anda1B adrenergic receptor [53] markedly de-
creased after culturing hepatocytes. It is plausible that
downregulation of some membrane proteins that are re-
quired for ethanol inhibition of STAT activation caused
unresponsiveness of cultured hepatocytes or HepG2 cells to
ethanol inhibitory effects. Further studies are required to test
this hypothesis.

In summary, in present paper we demonstrate that acute

ethanol inhibits STAT activation in freshly isolated hepa-
tocytes but not in cultured hepatocytes or HepG2 cells.
Although the underlying mechanisms have not been clari-
fied, these findings have already indicated that the JAK-
STAT signaling pathway in freshly isolated hepatocytes are
more sensitive to ethanol, which may have implications in
pathogenesis and progression of alcoholic liver disease.
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